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Unlike the standard two-dimensional Kármán street, the oceanic
vortex streets which may occur behind isolated islands are affected
by the earth’s rotation and the vertical stratiﬁcation of the thermo-
cline. These effects induce a selective destabilisation of anticyclonic
vorticity regions. Several experimental studies were devoted to the
inertial instability, which induces transient and three-dimensional
perturbations in a rotating ﬂuid layer. However, these previous
experiments correspond to a large or ﬁnite vertical h to hori-
zontal L aspect ratio (˛ = h/L) while in an oceanic context this
ratio is much smaller than unity (˛  0.01). This vertical conﬁne-
ment induces a cutoff vertical scale for unstable perturbations. But,
since dissipation preferentially damps smaller scales, the shallow-
water aspect ratio ˛ may become so small that no growth will
occur. We present here the ﬁrst experimental investigation of
three-dimensional destabilizations of an island wake ﬂow in a
shallow-water conﬁguration. These laboratory experiments where
performed on the LEGI Coriolis Platform, with small aspect ratio
(˛ = 0.1) and large Reynolds numbers (Re = 5000–35,000). We
have shown that unstable three-dimensional perturbations occur
when the island Rossby number Ro = V/(0D) is large enough
(Ro > 0.8) while the Reynolds number seems to control the dura-
tionof this transient instability.Qualitativedyevisualisation reveals
various types of passive tracer dispersion in the wake. Moreover,
according to PIV measurements we have shown that, unlike exper-
iments having large or ﬁnite aspect ratio (˛ ≥ 1), the small-scale
perturbations do not signiﬁcantly reduce the local vorticity inside
the unstable anticyclone. Hence, the shallow-water conﬁguration
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(˛  1) seems to reduce the intensity and the impact of three-
dimensional instabilities in the vortex street. Finally, for high Froude
numbers, when the ﬂow becomes supercritical and owing to the
generation of large amplitude waves in the wake, the vortex street
intensity is strongly reduced.
1. Introduction
Island wakes are the location of a strong eddy activity, which have important biological conse-
quences in the formation and transport of organic matter. Strong cyclonic eddies can be recognized
in satellite SST image by their cold core of upwelled deep water (Aristegui et al., 1994; Caldeira et
al., 2002; Caldeira and Marchesiello, 2002) while anticyclonic vortices or ﬁlaments are characterized
by warm surface water. Various physical processes such as ﬁlamentation, small-scale upwelling or
three-dimensional instabilities enhance the horizontal transport and the vertical mixing of nutrient-
rich deep water when an upper surface current encounter oceanic islands or an archipelago. The role
of islands wakes in the biological enrichment of surface waters cannot be neglected (Hasegawa et al.,
2004).Motivated by this oceanographic context, we investigated, bymeans of laboratory experiments,
the small-scale and three-dimensional instabilities, which may induce a signiﬁcant vertical mixing in
a rotating shallow-water wake.
It is well known that the rotation alters the stability of incompressible two-dimensional ﬂow with
respect to three-dimensional perturbations. The Coriolis force induces a selective destabilisation of
anticyclonic vorticity regions. According to linear stability analysis, Johnson (1963) and Yanase et al.
(1993) show that three-dimensional unstable modes of parallel shear ﬂow may have stronger growth
rates than the standard two-dimensional barotropic modes when the absolute vorticity is negative.
This inertial instability also occurs in a geophysical context for rotating, stratiﬁed andhydrostatic ﬂows.
The linear stability analysis of the primitive hydrostatic equations performed by Emanuel (1979) or
by Stevens and Ciesielski (1986) show that inertial modes conﬁned in the anticyclonic vorticity region
becomeunstablewheni(x, y) = f (f + ) < 0where (x, y) is the relative vorticity and f is the Coriolis
parameter. Here, again the inertial instability have signiﬁcantly greater growth rate than the barotropic
shear instability. Besides, in the absence of dissipation, the maximum growth rates are reached for
inﬁnitesimal vertical wavelength (Stevens and Ciesielski, 1986). Hence, for both the hydrostatic and
the non-hydrostatic case, the wavelength selection of the inertial instability is mainly controlled by
the dissipative effects (Emanuel, 1979; Yanase et al., 1993; Kloosterziel and Carnevale, 2008).
For circular vortices, the generalized Rayleigh criterion proposed by Kloosterziel and VanHeijst
(1991) or Mutabazi et al. (1992) asserts that all anticyclonic vortex columns are unstable to three-
dimensional perturbations if R(r) = (f + 2v/r) (f + ) < 0 where v(r) is the azimuthal velocity and
(r) the relative vorticity. The WKB methods applied to short vertical waves instability demonstrate
that this criterion is indeed a sufﬁcient condition for inviscid three-dimensional instabilities (Sipp
and Jacquin, 2000; Billant and Gallaire, 2005). This selective destabilization of intense anticyclones
is usually called the centrifugal instability and was also checked by means of laboratory experi-
ments (Kloosterziel and VanHeijst, 1991; Afanasyev and Peltier, 1998) or direct numerical simulations
(Bartello et al., 1994; Potylitsin and Peltier, 1999; Kloosterziel et al., 2007). The unstable centrifugal
modes, similar to Taylor-Couette rolls, are generally located in an annular region, surrounding the
vortex core, where the Rayleigh discriminant R is negative (Afanasyev and Peltier, 1998; Afanasyev,
2002; Potylitsin and Peltier, 1999; Kloosterziel et al., 2007).
For elliptical vortices (non-axisymmetric structures), a resonant interaction between the inertial
waves of the vortex and the underlying strain ﬁeld could generate three-dimensional perturbations in
regions of two-dimensional, elliptical streamlines. The unstable perturbation grows invariably in the
vortex core, leading to sinuous undulations of the initial vortex along its vertical axis (Pierrehumbert,
1986; Bayly, 1986). In thepresence of rotation, the elliptical instability isweakened for cyclonic vortices
and enhanced for strong anticyclones. According to the stability analysis of Cambon et al. (1994),
Le Dizès (2000) and Le Bars et al. (2007) anticyclonic elliptical vortex will be the most unstable to
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Table 1
Summary of characteristic length, velocity and Rd scales, and Ro and Bu parameters, for various in situ wakes
References Island U (ms−1) L (km) h (m) Rd (km) Ro(U/Lf ) Bu(2Rd/L)
2
Heywood et al. (1996) Aldabra 0.8 15–30 150 20 1–3 2–7
Hasegawa et al. (2004) Aoga-Shima 1.5 3 100 – 5 –
Coutis and Middleton (1999) Cato 0.7 20 200 20 0.6 4
Caldeira et al. (2005) Catalina 0.5 1–10 100 – 0.5–5 –
Chavanne (2007), Xie et al. (2001) Hawaii 0.2 1–150 – – 0.02–2 –
core-centred perturbations when  = −2f . Both numerical simulations (Potylitsin and Peltier, 1999)
and laboratory experiments (Afanasyev, 2002; Stegner et al., 2005; Le Bars et al., 2007) demonstrate
that these core-centred modes could dominate the standard centrifugal modes when the ellipticity is
strong enough. For this inertial-elliptical instability, the wavelength selection is strongly controlled by
the Rossby number.
A general inviscid criterion which takes into account the inertial, the centrifugal and the elliptical
instabilities was introduced by Leblanc and Cambon (1997). According to the short-wave stability
theory, a certain class of three-dimensional pressureless modes will become unstable if, in a cartesian
coordinate frame,LC = −(1/2)S : S + (1/4)Wt .Wt < 0 somewhere in the stationary ﬂowdomain.We
respectively introduce here the rate-of-strain tensor S, or in other words the symmetric part of the
velocity gradient, and the tilting vorticityWt =  + 40 (Cambonet al., 1994). The relationbetween the
standard stability criterions, mentioned above, and the sufﬁcient condition LC < 0 was extensively
discussed for simple plane ﬂows subjected to the Coriolis force in Leblanc and Cambon (1997).
For an island wake in deep water, when an upper surface current encounter an isolated island or an
archipelago, the boundary stress associated with the nearshore or the lateral side of the island induce
a strong boundary shear ﬂow. In this deep water case the inﬂuence of bottom drag becomes negligible,
as discussed by Tomczak (1988). Just behind the island, the detachment of the lateral boundary layer
ﬁrst leads to a free shear layers. In a second stage, these parallel shear layers could roll up alternatively
on both side of the island into elliptical structures. Then, these transient elliptical structures evolve
quickly toaxisymmetric vortices andgenerate avonKármánvortex street in the leeof the island.Hence,
at each stage, speciﬁc three-dimensional instabilities (inertial, elliptical or centrifugal) could induce
a signiﬁcant vertical mixing in anticyclonic vorticity regions. However, such type of instabilities will
occurs only if the relative vorticity satisfy ε = /f < −1somewhere. In situ measurements of the local
vorticity in the ocean is a hard and expensive task, which requires intensive ADCP surveys (Hasegawa
et al., 2004), suchmeasurements are therefore very seldom. Hence, to estimate the order ofmagnitude
of εwegenerally use the global Rossby numberRo = U/Lf whereU is the characteristic current velocity
and L is the typical radius of the island. When this Rossby number get close to unity we could expect
that locally the magnitude of the vorticity exceed the Coriolis parameter |ε| > 1. According to the data
collected in Table 1, this could be the case for various volcanic islands or archipelago such as Aldabra
in the Mozambique channel (Heywood et al., 1996), Cato reef along the Australian coast (Coutis and
Middleton, 1999), Agoa-Shima south to the Japanese coast (Hasegawa et al., 2004), the Hawaii islands
(Xie et al., 2001; Chavanne, 2007), Santa Catalina island (Caldeira et al., 2005), or the Gran Canaria
archipelago (Aristegui et al., 1994).
An important parameter for deep island wake is the vertical aspect ratio ˛ = h/L where h is the
upper surface current thickness (i.e. the thermocline depth) and L the typical horizontal scale of the
island or the eddies. Note that h  100–200m is generally much smaller than the total water depth
H  1–2km for isolated volcanic islands. According to Table 1, this aspect ratio parameter is very
small ˛  0.01 in the ocean and we could expect a hydrostatic wake ﬂow. The impact of this vertical
conﬁnement (˛  1) on three-dimensional small-scale instabilities is poorly known and was never
investigated experimentally.
An other parameter which governs the island wake is the Burger number Bu = (Rd/L)2, this latter is
given by the relative island size. Small (large) island in comparison with the local deformation radius
Rd leads to large (small) Burger number. This parameter also controls the barotropic/baroclinic nature
of the wake ﬂow, or, in other words, the repartition between the potential and the kinetic energy of the
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mean ﬂow. For large Burger numbers (L  Rd) the total energy is mainly kinetic, while for small values
of the Burger number (L  Rd) the energy is mainly potential. Besides, for large-scale wakes (Bu  1)
when the isopycnal deviation become ﬁnite, the vortex street could strongly differ from the classical
Kármán wake. For some extreme cases in the frontal regime (Bu ≤ 0.1, Ro  0.1) coherent cyclones do
not emerge at all and only an anticyclonic vortex street appears in the lee of the island (Perret et al.,
2006b, a). However, to focus this study on small-scale three-dimensional instability we consider only
ﬁnite Rossby numbers and large enough Burger numbers (Bu ≥ 1) corresponding to the oceanic cases
given Table 1.
A recent study (Dong et al., 2007) investigated numerically the dynamics of hydrostatic three-
dimensional deep island wakes. The Regional Oceanic Model System (ROMS) was used with a high
horizontal (ıx = 250m) and vertical (ız = 25m) resolution. Such a resolution was needed to capture
the small-scale instabilities which do not appears in previous numerical studies of oceanic wakes. For
large enough Reynolds number, when Ro = 0.1–0.5, ˛  0.01 and Bu  1 the magnitude of the local
vorticity exceed unity and small-scale three-dimensional unstable perturbations growth in anticy-
clonic vorticity regions. The horizontal scale of the perturbation decreases when the Reynolds number
or the spatial resolution increases as for the case of inertial or centrifugal instabilities.
In order to study the various three-dimensional instabilities (inertial, elliptical and centrifugal)
which destabilize anticyclonic vorticity regions in the wake of an isolated island we performed several
laboratory experiments. Unlike numerical simulations solving the hydrostatic primitive equations,
non-hydrostatic ﬂow may occurs in the laboratory. To satisfy the shallow-water constraint (small
aspect ratio ˛  1) and to reach a ﬁnite Rossby number Ro  1 and a large Reynolds number (Re ≥
4000) we performed these experiments on the LEGI-Coriolis platform in Grenoble.
The paper is organized as follows: the experimental setup and measurements techniques are
described Section 2; the various dispersion regimes of passive dye tracers are presented in Section
3; quantitative PIV measurements are analysed in Section 4; while discussion and summary are given
in Section 5.
2. Experimental setup and physical parameters
2.1. Experimental setup
In order to study small-scale instabilities induced by the rotation in a shallow-water vortex street,
we performed several experiments on the 13-m-diameter rotating platform at the LEGI-Coriolis in
Grenoble. The turntable had an anti-clockwise rotation (as the planetary rotation), the angular veloc-
ity 0 could reach a value up to 2 rpm and the corresponding Coriolis parameter f = 20 was varied
between f = 0.04 rad s−1 and f = 0.08 rad s−1. To reproduce the dynamic of a surface current interact-
ing with an isolated and steep island (Fig. 1 (a)), we used a two-layer stratiﬁcation and we towed in
the upper layer a cylinder of diameter D = 50 cm and heigth hc = 4 cm (Fig. 1(b)). We assume that the
motion of the cylinder transfermomentummainly in the upper layer and that the dynamic is governed
by the ﬁrst baroclinic mode. This will be generally the case for a deep lower layer, namely when h  H.
In the experiments we ﬁrst ﬁll the tank with a deep H = 55 cm and salty layer 2  1005kg/l. Due to
the slow Ekman recirculation, it took 1 day for this thick layer to reach a solid-body rotation. Then, we
slowly inject (during few hours) a thin surface layer h = 5 cm of fresh water 1  999kg/l. In this case
the two-layer aspect ratio ı = h/H  0.1 is small enough and the deep lower layer acts as a neutral
layer with a small Ekman number Ek = /fH2  10−4 corresponding to a weak Ekman pumping.
For each experiments, the cylinder was towed at a constant velocity V for values varying from
0.8 cms−1 to 6 cms−1. We introduced a global Rossby (Ro) and a Reynolds (Re) numbers for this
experimental setup:
Ro = V
0D
, Re = VD

where  is the kinematic viscosity of water. By changing either the drifting speed V or the angular
velocity 0 we easily reached ﬁnite Rossby numbers Ro = 0.4–4 and large Reynolds numbers Re =
4000–30,000.
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Fig. 1. Oceanic island wake and the laboratory model: (a) oceanic surface current interacting with an isolated island; (b) steady
drifting cylinder in the upper layer.
We introduced the aspect ratio parameter:
˛ = h
D
= 0.1
which compare thevertical to thehorizontal scales in theexperiments.Unlikeprevious experiments on
rotating Kármán streets (Boyer andKmetz, 1983; Tarbouriech andRenouard, 1996; Stegner et al., 2005)
where the aspect ratio is large ˛  1 or ﬁnite ˛  1, we investigate in the present study an island wake
in a shallow rotating layerwhere˛  1. The validity of the rotating shallow-watermodel for laboratory
experiments was discussed in Stegner (2007). If the dimensionless parameters satisﬁes Ro ˛2  1 the
slow vortical motion in the thin upper layer is expected to satisfy the shallow-water approximations.
Hence, even for ﬁnite Rossbynumber the small aspect ratio (˛  0.1) guarantee thehydrostatic balance
of the large-scale ﬂow. However, for small-scale unstable perturbations, the vertical to horizontal ratio
could reach unity (˛  1) and non-hydrostatic dynamics could be locally encounter.
2.2. Two-layer stratiﬁcation
Due to the large-scale of the experiment, high Reynolds numbers were reached and therefore the
dissipation was weak. In order to avoid residual motion it was then needed to wait at least one or 2h
betweenconsecutiveexperiments.Hence, it takes several days to achievea set of experiments at a given
rotation rate 0. During that time, both the air friction on the free surface and the molecular diffusion
of salt tend to smooth the initial two-layer stratiﬁcation. We used a conductivity and temperature
proﬁler (125MicroScale model, from PME1) to follow the evolution of the density stratiﬁcation in the
tank. According to Fig. 2, the upper surface layer becomes linearly stratiﬁed within 3 days. To test
the impact of this change in stratiﬁcation on the wake ﬂow, we performed some experiments with
the same forcing conditions (V and 0) but different stratiﬁcations. We did not observe signiﬁcant
changes in the dynamics or the small-scale instability of the wake ﬂow due to the evolution of the
two-layer stratiﬁcation. Hence, we assume that the we transfer momentum and kinetic energy mainly
in the upper layer and that the dynamics is governed by the ﬁrst baroclinic mode corresponding to an
1 http://www.pme.com.
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Fig. 2. Evolution of the density proﬁle over 3 days for the ﬁrst 15 cm of water.
intense velocity in the thin layer while the deep lower layer remain almost at rest. For a perfect two-
layer stratiﬁcation the deformation radius R∗
d
associated to the ﬁrst baroclinic component of motion is
given by R∗
d
=
√
g∗[Hh/(H + h)]/20. In our case, when h is small in comparison to H, the baroclinic
deformation radius can be approximated by R∗
d

√
g∗h/20 where g∗ = g(2 − 1)/ is the reduced
gravity. If we consider a continuous stratiﬁcation: linear in the upper layer and constant in the deep
lower layer, the deformation radius associated to the ﬁrst baroclinic mode will remain close to R∗
d
. The
typical values R∗
d
= 65–125 cm are slightly larger than the cylinder diameter D = 50 cm and lead to a
large Burger number:
Bu =
(
2R∗
d
D
)2
.
In the present experiments Bu = 6–25 and therefore, the displacement of the isopycnal interface
between the thin surface layer and the deep layer is expected to be small or moderate. However, this
interface support internal gravity waves with a maximum phase speed c =
√
g∗h. For almost all the
experiments, the typical phase speed velocity was about c = 6–7 cms−1 and generally larger than the
cylinder velocity V. Hence, the Froude number Fd = V/c was belowunity and thewake ﬂow is expected
to be subcritical. However, for very few cases supercritical wakes Fd > 1 were investigated.
Wecanalsodeﬁnea localBrunt–Vaisala frequencyN2 = −(g/0)(∂/∂z)with themaximumdensity
gradient 2. The typical value of N was between 1 and 1.5 s−1 (0.16 and 0.24 rad s−1) approximately four
times f. With structureswhich have a vorticity ﬁeld  = rot v, we canwrite a dynamical Froude number
comparing  and N: Fr = /N.
2.3. Qualitative dye and quantitative PIV measurements
Qualitative visualizations of the wake behind the cylindrical island were done using passive dye
tracers. Two separated injection holes were made on both side of the cylinder 2 cm bellow the free
surface in order to release continuously the dye in the lateral boundary layers (Fig. 3). The dye den-
sity was carefully adjusted according to the upper layer stratiﬁcation to avoid vertical mixing at the
injection. Besides, we carefully adjust the injection rate to the drifting velocity of the cylinder in order
to reduce the jet instability, which could occur at the exit of the injection hole. Different colours were
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Fig. 3. Side view (a) of the experimental setup and top view, (b) visualization of an experiment.
used on each side of the cylinder: black (red) in the anticyclonic (cyclonic) boundary layer. In a rotat-
ing layer, the dye visualization is very sensitive to three-dimensional perturbations, which break the
bi-dimensionality of the ﬂow and allow detecting with high sensitivity three-dimensional small-scale
instabilities in the cylinder wake. To record the stable or unstable dynamic within the wake we used a
DV 640 × 480 colour video camera and a 2048 × 1536 colour digital camera. Blench was added in the
upper layer to dissolve the remaining dye between two consecutive experiments without changing
the water.
Standard particle image velocimetry (PIV) was used to measure the horizontal velocity ﬁeld. Small
buoyant particles (200–400mdiameter)were introduced in the upper layer and lightenedwith 488-
nm Argon laser sheet focused 2 cm below the free surface. In order to avoid sedimentation the particle
density was carefully matched with the upper layer density. The particles’ motion was recorded by
a 1024 × 1024 pixels charge-coupled device (CCD) camera. For some experiment we add a second
720 × 576 pixels analog video camera on the carriage supporting the cylinder. This second camera
allows recording the particles’ motion within the boundary layer and just behind the cylinder. The
particles’ velocitywas analyzed using LAVISIONPIV softwarewith successive overlap cross-correlation
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boxes yielding a ﬁnal 70 × 70 horizontal velocity ﬁeld. The velocity grid resolution (distance between
two vectors) is about ıx = 2.4 cm. Vorticity ﬁelds were derived from 10 to 25 averaged velocity ﬁelds.
The averagingperiod corresponds roughly to 25–50 s, in otherwords about 1/4 of the turntable rotation
period (160 s).
3. Results
3.1. Evolution of passive dye tracers
Weﬁrstperformedseveral experiments to investigatequalitatively theparameter space (Ro, Re) and
detect the regions where three-dimensional and small-scale instabilities occur. The constant release
of passive dye tracers in the cylinder boundary layer was used to observe the nature of the ﬂow ﬁeld
at a large and a small-scale. Moreover, as far as oceanic island is concerned, the evolution of the dye
intensity indicates how a passive tracer (released along the coast) such as a pollutant or biological
species could be mixed and dispersed in the island wake. The dispersion or concentration of the
passive dye tracers in the wake could be classiﬁed in three types: the core vortex concentration (CVC),
the core anticyclonic mixing (CAM) and the anticyclonic stretching (AS).
The core vortex concentration corresponds to the evolution of passive tracers in classical two-
dimensional Kármán street. A typical example is shown in Fig. 4. The cylinderwas towed from the right
to the left at a constant speed of V = 0.8 cms−1and due to the anti-clockwise rotation of the platform,
the anticyclonic boundary layer and vortices (black dye) are above the cyclonic ones (red dye). In this
case (Ro = 0.4, Re = 4000, Bu = 6.5) the dye tracers remain concentrated in the core of vortices of
both sign. The two-dimensional dye patterns are similar in cyclonic and anticyclonic vortices. Due to
the rotation and the vertical conﬁnement in the thin upper layer, the wake ﬂow seems to be mainly
two-dimensional even at large Reynolds number. Horizontal stretching and small-scale ﬁlamentation
are observed but there is no visible evidence of three-dimensional motions. The size of the main
dye patterns, circular patches centred in the core of vortices is identical to the size of the cylindrical
island. The distance Lp between two dye patches of same colour, in other words same sign vortices,
corresponds roughly to ﬁve cylinder diameter. This is in agreement with previous studies (Boyer and
Kmetz, 1983; Stegner et al., 2005) indicating that for Kármán vortex street, the eddy shedding at a
time interval T is not affected signiﬁcantly by the rotation. The Strouhal number remain close to the
two-dimensional non-rotating and large Reynolds limit St = D/(TU) = D/Lp  0.2–0.25 (Wen and Lin,
2001).
If we increase the drifting speed and therefore the global Rossby number Ro, three-dimensional
perturbations appears in black dye patterns. These small-scale perturbations, in comparison with the
vortex size, growth in the core of anticyclonic vorticity regions and we therefore use the term core
anticyclonic mixing. A typical example of CAM is shown in Fig. 5 corresponding to a ﬁnite Rossby num-
ber Ro = 1 with Re = 10,000 and Bu = 6.5. Hence, as far as the mixing of passive tracers is concerned,
a signiﬁcant cyclone–anticyclone asymmetry appears in the island wake for ﬁnite Rossby numbers.
Similar dye visualizations of anticyclonic destabilisation and mixing in a rotating Kármán street were
made by Boyer and Kmetz (1983) and Stegner et al. (2005). However, in the present case, the aspect
ratio parameter is small (˛  0.1) and due to the vertical conﬁnement of the thin upper layer we can-
not detect any vortex-core undulations along the vertical, as observed by Afanasyev (2002), Stegner
et al. (2005) and Le Bars et al. (2007) for rotating experiments with large or ﬁnite aspect ratio (˛ ≥ 1).
After few rotation periods, the three-dimensional perturbations slowly disappeared while a circular
and diffuse patch of black dye tracer remain visible. This stage corresponds to a relaminarization of
the ﬂow. Hence, for a CAM event the distribution of the passive tracer will remain almost circular
inside the anticyclonic vortices even if transient three-dimensional mixing occurs in the early stage of
shedding.
For larger Reynolds number, small-scale turbulent motions occur in the lateral boundary layers
and the near wake just behind the cylinder. Then, further in the wake, a strong cyclone–anticyclone
asymmetry of the dye pattern occurs. A typical example of anticyclonic stretching of passive tracers
is shown in Fig. 6 corresponding to Ro = 2, Re = 20,000, Bu = 7.5. In this case, the black dye tracer
initially released in the anticyclonic boundary layer is strongly stretched and dispersed in the wake.
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Fig. 4. Top-view vizualisation of black (anticyclonic) and red (cyclonic) dyes released in the boundary layer of the cylinder, for
Ro  0.4, Re  4000, and Bu  6.5, at (a) t = 0 s, (b) t  120 s, (c) t  240 s, and (d) t  360 s.
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Fig. 5. A front view of a dye experiment for Ro  1, Re  10,000, and Bu  6.5.
While, on the other hand, most of the red dye, initially released in the cyclonic boundary layer, remain
concentrated in the core of cyclonic vortex. The turbulent boundary layer, which is visible for both
tracers, does not seem to affect signiﬁcantly the ﬁnal distribution of the red (cyclonic) dye in the
island wake.
Weplot in Fig. 7 the range of parameter spacewhere the three scenario of passive tracer distribution
(CVC, CAMorAS) occurs.Mixing anddispersion in the islandwake (conﬁned in anupper shallow-water
layer) appears to be controlled by both the Rossby and the Reynolds number. According to previous
theoretical (Yanase et al., 1993) and numerical (Kloosterziel et al., 2007; Dong et al., 2007) studies,
unstable three-dimensional perturbations should mix the ﬂow when locally the absolute vorticity
 + f becomes negative. This should occur for ﬁnite Rossby numbers, if the Reynolds number is not too
small. However, according to the qualitative nature of the dye visualisations,we cannot deﬁne a precise
threshold in the Rossby number. Nevertheless, the asymmetry can be easily detected for Ro ≥ 0.7–1
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Fig. 6. Top-view of dye experiment, for Ro  2, Re  20,000, and Bu  7.5, at (a) t = 0 s, (b) t  30 s, (c) t  60 s, and (d) t  300 s.
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Fig. 7. Parameter space diagram (Ro, Re) of the various dye patterns CVC, CAM or AS observed in the rotating shallow-water
wake. The aspect ratio parameter ˛ is ﬁxed for all experiments (˛ = 0.1), the Burger number Bu is Bu = 6 or Bu = 20, depending
on the turntable angular velocity. Three regions are qualitatively delimited with dashed line. The three large dashed square
indicates the parameters of the PIV measurements analysed in Section 3.2.
and we draw in Fig. 7 a dashed line as an approximate boundary at Ro  0.8 between CVC and CAM
or AS patterns. The Reynolds number mainly controls the separation between the core anticyclonic
mixingand the stronganticyclonic stretching.Here again,wedrawanapproximateboundary indashed
line for Re  15,000. This large Reynolds value depends probably on the strong vertical conﬁnement
˛ = 0.1. Indeed, according to Fig. 12 in Stegner et al. (2005), typical AS patterns occurs formuch smaller
Reynolds number (Re  150) when the aspect ratio parameter is ﬁnite ˛ = 1.
For standard two-dimensional Kármán streets, the region of high concentration of dye indicate
the vortex centre (i.e. vorticity extrema) in the wake. In the present study, when three-dimensional
perturbations strongly mix and diffuse passive tracers the relation between the dye pattern and an
active tracer such as vorticity is not obvious. Hence, as far as the dynamical evolution of the wake is
concerned, passive tracer observations should be taken with care. Therefore, in order to complement
these qualitative dye visualizations PIV measurements are needed to quantify accurately the size and
the intensity of the eddies in the lee of the cylindrical island.
3.2. Particle image velocimetry measurements
Few experiments using standard particle image velocimetry were done to measure the horizontal
velocity ﬁeld in the thin upper layer. We focused our efforts to accurately quantify the vorticity ﬁeld.
Unfortunately, due to experimental limitations and unexpected particles sedimentation, we were able
to measure the vorticity and follow the dynamics only in very few experiments. Four cases are pre-
sented bellow: a standard Kármán wake at small Rossby number (PIV1), a ﬁnite Rossby number wake
(PIV2), a speciﬁc case of supercritical wake corresponding to a wave-vortex wake (PIV3) and a zoomed
visualization of the anticyclonic detached boundary layer at ﬁnite Rossby number (DBL).
3.2.1. Small Rossby number wake (PIV1)
In a ﬁrst step, we measured the vorticity ﬁeld for a small Rossby number regime (Ro = 0.4, Re =
4000, Bu = 6.5) corresponding to a standard two-dimensional Kármán street and a CVC dye pattern
(Fig. 4) described in the previous section. The dynamical evolution of the vorticity ﬁeld in the near
wake is shown in Fig. 8. In this top view measurement, the cylinder moves from top to bottom. The
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Fig. 8. Relative vorticity ω/f of the PIV1 experiment (Ro  0.4, Re  4000, and Bu  6.5), at (a) t = 0 s, (b) t  400 s and (c)
t  1500 s. The period of rotation of the platform is T0 = 160 s and the cylinder is drifted at constant velocity V = 0.8 cms−1.
Each isolines are separated by 0.05U.
detachment of the lateral boundary layer leading to free shear layers are visible in Fig. 8(a). The forma-
tion of elliptical structures just behind the obstacle in shown in Fig. 8(a). Then, these transient elliptical
structures evolvequickly to axisymmetric vortices andaquasisteadyvortex street is reached in theﬁnal
stage Fig. 8(b) and (c). In a perfect two-dimensional ﬂow, the region of vorticity extrema corresponds
to closed streamlines where passive tracers are trapped. Typical velocity and vorticity proﬁles corre-
sponding to the dashed-lines cross-sections in Fig. 8(c) are given respectively in Figs. 10(a) and 11(a)
Weﬁrst note that cyclonic and anticyclonic eddies are strictly identical in shape and intensity. A typical
vortex diameter (distance between velocity extremas) scales with the cylinder diameter. Besides, the
relative intensitymax/f  0.4of thesevortices isof the sameorderofmagnitude than theglobalRossby
number. For this small Rossby number, according to both the dye visualization and the quantitative
PIVmeasurements, there is no evidences of cyclone–anticyclone asymmetry or any three-dimensional
instability. Moreover, we ﬁt the vorticity proﬁle of these eddies with the standard proﬁles (Carton
et al., 1989; Stegner and Dritschel, 2000): (r) = max(1 − (1/2)(r/r0)p) exp(−(r/r0)p) where p is the
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Fig. 9. Relative vorticity ω/f of PIV2 experiment (Ro  2, Re  20,000, and Bu  6.5), at (a) t = 0 s, (b) t  20 s, (c) t  40 s, and
(d) t  60 s. The period of rotation of the platform is T0 = 160 s and the cylinder is drifted at constant velocity V = 4 cms−1. Each
isolines are separated by 0.3U.
steepness parameter. According to the solid line in Fig. 11(a) the proﬁle of both the cyclonic and anticy-
clonic eddies (p  1.9) in the vortex street are close to Gaussian vortices p = 2. Steep vorticity proﬁles
p ≥ pc (where pc is the critical steepness) are unstable to barotropic shear instability, the initially cir-
cular vortex will lead to a tripolar structure or even a dipolar splitting (Carnevale and Kloosterziel,
1994). The critical steepness is about pc  1.85 for inviscid two-dimensional vortices (Carton et al.,
1989) and according to Stegner and Dritschel (2000) slightly above p  2.1 in a shallow-water con-
ﬁguration where Bu = 6.5. Hence, the vortices in this small Rossby number wake are stable to both
the three-dimensional inertial-centrifugal instability and the two-dimensional shear instability. The
vorticity decay (Fig. 12(a)) is mainly controlled by the viscous dissipation.
In the numerical study of Dong et al. (2007) using the Regional Oceanic Model System (ROMS)
a selective destabilisation of anticyclonic vorticity region occurs even for small value of the global
Rossby number Ro = 0.1. Small-scale disturbances are clearly visible in the vorticity ﬁeld. However, if
the global Rossby number is small the amplitude of the relative vorticity |/f | appears to be ﬁnite and
locally larger than unity, which is not the case in the experiment PIV1. Indeed, the Reynolds number in
the experiment is about Re  4000while in the numerical study there is no explicit viscous dissipation
for the horizontal momentum and the boundary layer thickness around the island is controlled by a
land-mask algorithm. This boundary layer seems to bemuch larger in our laboratory experiments than
in the numerical investigations of Dong et al. (2007). Hence, it could explain why, for a given Rossby
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Fig. 10. Velocity proﬁles of cyclonic and anticyclonic vortices for (a) PIV1 experiment, and (b) PIV2 experiment, from lines
represented in Figs. 8(c) and 9(d), respectively.
number, the vorticity amplitude in the island wake is weaker in the experiments than in the numerical
model.
3.2.2. Finite Rossby number wake (PIV2)
We next measured the vorticity ﬁeld for a ﬁnite Rossby number regime (Ro = 2, Re = 20,000, Bu =
6.5) where small-scale three-dimensional instability is expected to occurs. This case corresponds to
an AS dye pattern (Fig. 6) described in the previous section. As for the standard two-dimensional
wake, two detached boundary layers are formed just behind the cylinder (Fig. 9 (a)). Very quickly, the
anticyclonic vorticity region extends ona larger area than the cyclonic vorticity region. The anticyclonic
eddies shedded in the lee of the obstacle are bigger than their cyclonic counterpart (Fig. 9(d)). The
velocity and vorticity proﬁles corresponding to the dashed-lines cross-sections in Fig. 9(d) are given
respectively in Figs. 10(b) and 11(b).
The relative vorticity amplitude for both the cyclonic and the anticyclonic eddy reached ﬁnite val-
ues |/f |  3–3.5 larger than the global Rossby number Ro  2. On one hand, the size and the vorticity
proﬁle of the cyclonic eddy is similar to the small Rossby case discussed above. On the other hand, for
the anticyclonic eddy the relative diameter is 50% larger than the small Rossby case. Hence, the three-
dimensional perturbations, visualized by passive dye tracers in Figs. 4 and 6, seems to enhance the
horizontal diffusion of vorticity. However, surprisingly, unlike the AS dye pattern, we did not observe
in the PIV2 experiment any vortex splitting or stretching in the vorticity ﬁeld. The dispersion and
transport of passive tracers (dye) and active tracers (vorticity) are very different especially when dis-
sipation caused by small-scale instability, or tilting of vorticity tube induced by three-dimensional
motion, breaks the lagrangian conservation of the vertical component of vorticity or potential vortic-
ity. According to Fig. 3 in Dong et al. (2007), strong stretching of anticyclonic vorticity could occurs
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Fig. 11. Vorticity proﬁles of cyclonic and anticyclonic vortices for (a) PIV1 experiment, and (b) PIV2 experiment, from lines
represented in Figs. 8(c) and 9(d), respectively. The vorticity proﬁles are ﬁtted with standard proﬁles (Section 3.2.1) having a
steepness parameter equal to (a) p = 1.9 and (b) p = 1.6.
in shallow-water wake when the relative vorticity exceed unity. However, even if large anticyclonic
ﬁlaments are expelled, an axisymmetric core of anticyclonic vorticity remains at the ﬁnal stage. Due
to the limited PIV resolution (130 × 130 grid points in comparison with 720 × 360 numerical grid) we
could smooth out the stretched ﬁlament and detect only the main anticyclonic core.
According to Figs. 11(b) and 12(b), the vertical vorticity amplitude does not seem to be affected
by the small-scale instability. Indeed, there is no difference between the peak vorticity of cyclonic or
anticyclonic eddies when they are formed just behind the cylinder (Fig. 11(b)). Moreover, starting with
equal initial amplitude, both anticyclonic and cyclonic vortices decay at the same rate (Fig. 12). Unlike
previous studies (Stegner et al., 2005; Dong et al., 2007) there is no evidence here of a strong vorticity
dispersion in the core of anticyclonic eddies, induced by the small-scale turbulent motion, leading
quickly to the marginal stability limit |/f | = 1. Nevertheless, according to Fig. 13 the anticyclonic
velocity proﬁle will be strongly smoothed unlike the cyclonic counterpart. Similar results were found
in the numerical investigations of Kloosterziel et al. (2007): the core of the unstable anticyclonic
vortex (i.e. the maximum vorticity) is weakly affected by the three-dimensional disturbances while
the maximum velocity is strongly reduced. The dashed lines in Fig. 13(b) delimits the initial region
of negative R < 0 at t = 0.5T0. Hence, a signiﬁcant kinetic energy dissipation occurs in an annular
region, surrounding the vortex core, where the Rayleigh discriminant R is negative.
3.2.3. General instability criteria
In order to localize the regions where three-dimensional instabilities could occur in the shallow-
water wake, we applied the general inviscid criterion proposed by Leblanc and Cambon (1997) on the
16
Fig. 12. Temporal evolution of the vorticity measured in the core of the anticyclonic and cyclonic vortices, for (a) PIV1 and (b)
PIV2 experiments. A ﬁt with exponential decay is indicated, with a decay rate about 25T0 for (a) and 5T0 for (b) (10T0Ro−1 for
both).
velocity ﬁeld of the two experiments PIV1 and PIV2. Using a local short-wave stability analysis for
speciﬁc pressureless perturbations2, these authors derive a sufﬁcient condition for instability. Rotating
plane ﬂows will be unstable to three-dimensional perturbations if, in cartesian coordinates, the scalar:
LC (x, y) = −
1
2
S : S + 1
4
Wt.Wt
= −1
2
[
(∂xux)
2 + (∂yuy)2
]
+ (20 − ∂yux)(20 + ∂xuy)
is negative somewhere in the ﬂow domain. The pressureless perturbations are the leading order
approximation for short-wavelength perturbations kzL  1, in other words when the typical verti-
cal wavelength of the unstable mode is much smaller than the characteristic horizontal length-scale L
of the plane ﬂow. Hence, according to the small vertical to horizontal aspect ratio of our experiments
˛ = h/L  0.1 which restrict the vertical wavelength of any disturbance, the simpliﬁed short-wave
stability analysis should be relevant for shallow-water wakes. We assume here that the growth of
small-scale three-dimensional perturbations is faster than the evolution of the large-scale ﬂow.Hence,
2 For basic ﬂows exhibiting a characteristic length scale, these pressureless instabilities consist in short-wave eigenmodes
localized along the streamlines (Leblanc and Cambon, 1997).
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Fig. 13. Temporal evolution of the velocity proﬁle measured in (a) cyclonic and (b) anticyclonic vortices, for PIV2 experiment.
The dashed lines in (b) delimits the region where R(r) is negative at t = 0.5T0.
the scalar  is expected to give quantitative information on the location of three-dimensional distur-
bances and their relative growth rates, if there is a time-scale separation between the unstable growth
and the mean ﬂow evolution. Besides, this instability criterion combines the inertial, the centrifugal
and the elliptical instability, which can all be active in the cylinder wake.
For unidirectional ﬂows the scalar LC recover the Rayleigh discriminant i = f (f + ) (for paral-
lel ﬂows) or R(r) = (f + 2v/r) (f + ) (for circular vortices). According to previous stability analysis
(Billant and Gallaire, 2005; Kloosterziel et al., 2007) the growth rates  of unstable three-dimensional
perturbations are bounded by the square root of the Rayleigh discriminant  ≤
√
−max. Moreover,
the growthof small amplitudedisturbances are initially localized in the region < 0. In the limit of the
short-wavelength approximation (Leblanc and Cambon, 1997) theses properties of the Rayleigh dis-
criminant, derived forunidirectionalﬂows, couldbeextended to shallow-waterﬂows.Hence, the scalar
LC is expected to give quantitative information on the location of three-dimensional disturbances
and their relative growth rates.
We plot in Fig. 14 the value of LC in the ﬂow domain at various stages of the ﬁnite Rossby number
wake experiment PIV2. The snapshots of Fig. 14 are plotted at the same times than the vorticity maps
in Fig. 9 for a better comparison. Regions with negative values of LC are emphasized with gray levels,
while positive values region remain white. The ﬁrst unstable region which appears in the wake is
the detached anticyclonic boundary layer cylinder Fig. 14(a). Then, this unstable tongue is stretched
and tilted in the lee of the cylinder Fig. 14(b) and (c). When an anticyclonic and almost axisymmetric
vortex is formed, the Leblanc and Cambon criterion indicates an unstable annular region surrounding
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Fig. 14. Representations of the Leblanc and Cambon criterion, for the PIV2 experiment. Each isolines are separated by 1U.
Complex isolines are dashed.
the vortex core Fig. 14(d). This region is similar to the unstable region predicted by the generalized
Rayleigh criterion for centrifugal instability. However, high negative values are reached in the initial
stage of vortex shedding when the boundary layer detached from the cylinder and rolls up into an
elliptical structures. Hence, it indicates that the three-dimensional unstable perturbations will ﬁrst
appear in the detached boundary layer and the stretched elliptical structure, in the near wake. Besides,
the unstable regions predicted by LC Fig. 14(a), (b) and (c) are in good agreement with the location
of small-scale disturbances revealed by the black dye tracer in Fig. 6(a) and (b).
For the small Rossby number experiment PIV1, LC is positive in all the ﬂow domain. This results
do not guarantee the linear stability of the ﬂow to all three-dimensional perturbations, indeed the
Leblanc and Cambon criterion is only a sufﬁcient criterion for instability. Nevertheless, the qualitative
dye visualizations do not reveal here any small-scale instability.
3.2.4. Detached boundary layer
In addition to the near and the far wake velocity measurements, we performed, for the experiment
PIV2, zoomed visualizations of the detached boundary layer in the frame of the moving cylinder.
Due to the shadow induced by the cylinder in the horizontal laser sheet, we could extract quantitative
measurements on theanticyclonic sideof the cylinder only. The720 × 576pixels resolutionof thevideo
camera attached to the cylinder provides a velocity grid resolution of ıx = 1.6 cm. We were then able
to resolve the strong velocity shear of the detached boundary layer Fig. 15 (a). According to Fig. 15(b)
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Fig. 15. Boundary Layer for the PIV2 experiment; (a) vorticy ﬁeld; (b) and (c) velocity and vorticity proﬁles on the dashed line.
the relative vorticity in this anticyclonic parallel shear layer could exceed unity with typical values
|/f |  6 − 7. These vorticity values are at least two times larger than the PIV measurements (Fig. 9(a))
obtainedwitha largervisualizationwindowandasmallervelocitygrid resolution (ıx = 2.4 cm).Hence,
speciﬁc high-resolution PIVmeasurements are needed to capture accurately the thin and intense shear
layers just behind the cylinder. Inertial instability of such parallel shear layer is expected to trigger the
growth of three-dimensional perturbations and indeed, according to the dye visualisation, small-scale
disturbances are already visible in the detached boundary layer. The general instability criterion of
Leblanc and Cambon also capture this thin region of inertial instability (Fig. 16).
3.2.5. A supercritical wave-vortex wake (PIV3)
For high drifting speed the gravitational Froude Fr = V/
√
g∗h number could exceed unity. In this
case, the ﬂow around the cylinder will become locally supercritical and we could expect hydraulics
jumps or high amplitude lee waves. The experiment PIV3 (Ro = 3, Re = 30,000, Bu = 6.5, Fr = 1.1)
corresponds to such a supercritical case. According to the vorticity ﬁeld (Fig. 17), just behind the cylin-
der, we observe parallel shear layers without any vortex formation. Further, down in the wake (few
diameters behind the obstacle) the parallel shear ﬂow is destabilized and a vortex street emerges.
However, the relative vorticity of this vortex street |/f |  1 is here much smaller than the Rossby
number Ro  3. Such vorticity amplitude corresponds to the threshold of three-dimensional instabil-
ities (inertial, elliptical or centrifugal) and therefore this supercritical wake is marginally stable to the
small-scale instability described above. Hence, there is no distinction, in size or in intensity, between
cyclonic and anticyclonic eddies in the vortex street (Fig. 17(d)).
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Fig. 16. Representations of the Leblanc and Cambon criterion, for the BL of PIV2 experiment. Each isolines are separated by
2.5U. Complex isolines are dashed.
Fig. 17. Relative vorticity ω/f of PIV3 experiment (Ro  3, Re  30,000, Bu  6.5, and Fr  1.1), at (a) t = 0 s, (b) t  20 s, (c) t 
40 s, and (d) t  60 s. The period of rotation of the platform is T0 = 160 s, the cylinder is drifted at constant velocity V = 4 cms−1.
The gray-scale table is the same for the four images, and each isolines are separate by 0.16U.
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Fig. 18. Relative divergence div(u)/f of PIV3 experiment (Ro  3, Re  30,000, Bu  6.5, and Fr  1.1), just behind the cylinder
(corresponding to Fig. 17(b)). Each isolines are separate by 0.05U, and negative isolines are dashed.
Recent investigations of Johnson et al. (2006) were devoted to nonlinear wave wakes forced by
a travelling obstacle in a shallow layer of ﬂuid. Rotating and non-rotating cases were compared each
other’s. Theyused the sameexperimental setupasuson theLEGI-Coriolis platformbutwitha rectangu-
lar dome obstacle, which partially enters into the surface layer. Such smoothed obstacle is expected to
induce, if any, a weaker ﬂow separation than our vertical cylinder. This laboratory setup was build
to reproduce the interactions between an isolated mountain and an upstream wind in a shallow
atmospheric boundary layer under a low-level inversion. Hence, this experiment slightly differs in
its conception and its applications than ours. A supercritical case (Ro = 1.5, Re = 15,000, Bu = 4, Fd =
1.25) is presented in Fig. 5 of Johnson et al. (2006). A symmetric V-shaped wave pattern extending
laterally with a ∼ 45◦ angle is detected in the near wake of the obstacle. This wave-wake is very close
to our observations for the supercritical experiment PIV3, as it can be seen in the divergence of the
horizontal velocity ﬁeld (Fig. 18).
4. Conclusion
Thepurposeof thisworkwas to investigate the inﬂuenceof thevertical conﬁnement imposedby the
shallow-water conﬁguration on the three-dimensional destabilization of vortex streets behind oceanic
islands. These experiments have shown that the transient three-dimensional instabilities (inertial,
elliptical or centrifugal) do persist in a shallow-water conﬁguration, in other words when the vertical
to horizontal aspect ratio is small ˛  1. By means of dye visualizations, we quantify in the (Ro − Re)
parameter space, the speciﬁc dispersion regimes induced by the small-scale unstable perturbations.
For ﬁnite Rossby number (Ro > 0.8) andmoderate Reynolds numbers (Re ∼ 5000–10,000) the passive
dye tracers could be strongly mixed within the core of anticyclonic vortices while for higher Reynolds
numbers (Re > 15,000) the passive tracers initially released in the anticyclonic island boundary layer
could be strongly stretched and mixed in the near wake ﬂow.
The vertical mixing is known to enhance biological productivity in the vicinity of island. It is well
know that the cyclo-geostrophic balance induce isopycnals upwelling in the centre of cyclonic eddies.
Stable cyclonic eddies are thenexpected to trappedcoldwaterwith increasedorganic carbonand larger
concentration of phytoplankton. Our study suggests that anticyclonic vorticity regions could also play
a signiﬁcant role in the vertical mixing and the enhancement of biological activity. In agreement with
recent numerical study (Dong et al., 2007) our laboratory investigations show that when the local
vorticity is high enough (ﬁnite Rossby number) the anticyclonic boundary layer and the detached
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anticyclones in the near wake ﬂow are expected to strongly mix and stir the upper ocean behind
isolated islands.
The dye visualisations reveal that the typical horizontalwavelength of three-dimensional perturba-
tions ismuch smaller than the horizontal scales such as the island diameter. Hence, unlike the previous
studies with large ˛  1 or ﬁnite ˛  1 aspect ratio, the vertical conﬁnement tend to restrict here both
the vertical and the horizontal scales of the unstable modes. According to qualitative dye visualisation
the typical horizontal scale of the unstable disturbances seems to be ﬁxed by the upper layer thickness
(few centimetres) rather than the size of the unstable region deﬁned by the Rayleigh discriminant
(ten of centimetres). Hence, both the vertical and the horizontal resolution of regional oceanographic
models should be increased to capture accurately this small-scale and three-dimensional instability.
The increase of enstrophy for higher grid resolution, indicating the emergence of smaller unstable
perturbations, was clearly shown by the numerical study of Dong et al. (2007). However, the precise
wavelength selection (vertical and horizontal) and the hydrostatic or non-hydrostatic nature of such
type of instability are still under discussion and further investigations are needed.
The growth of such small-scale perturbations is expected to be strongly controlled and restricted
by the dissipative processes and the Reynolds number. Quantitative PIV measurements have shown
that intense negative vorticity (/f  −2 < −1) could hold for several rotation periods. Unlike the deep
water case (˛ = 10, Re = 150), the unstable ﬂow does not reach quickly the marginal stability limit in
the shallow-water conﬁguration (˛ = 0.1, Re = 5000). Hence, a smaller aspect ratio of the wake ﬂow
induces a less efﬁcient diffusion of the intense anticyclonic vorticity even if it signiﬁcantly smoothed
the maximum velocity. The small-scale disturbances strongly affect the annular region where the
Rayleigh discriminant is negative but seems to have a much weaker inﬂuence on the vortex core.
Finally, for high Froude numbers, when the ﬂow becomes supercritical, due to the generation of high
amplitude wave wake the vortex street intensity is strongly reduced.
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